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ABSTRACT
In the model amphibian, Xenopus laevis, the HMG box transcription factor,
Sox17, is expressed throughout the vegetal region that forms the endoderm. It is both
necessary and sufficient for the endoderm formation. In order to study endoderm
formation in the direct developing frog, Eleutherodactylus coqui, its Sox17 orthologue
EcSox17 was cloned by Sean Willamson. To look at the expression of EcSox17, I
designed primers and did RT-PCR on whole embryos. EcSox17 was expressed from
cleavage to hatching of free-living froglet. EcSox17 RNA was present in the ovaries, an
expression which has not been reported in any other vertebrate. Whole mount and
bisected in situ hybridizations were done to look at the location of the EcSox17 RNA.
EcSox17 was expressed at the blastoporal lip at all times and was not expressed in the
yolk-rich vegetal core. RT-PCR on dissected pieces of early gastrulae however, indicated
that the vegetal core expressed EcSox17, suggesting its contribution to the developing
endoderm. I conclude that EcSox17 expression is ovarian as well as zygotic throughout
the embryonic development. The transcript location at the blastoporal lip and perhaps
throughout the vegetal region in early gastrula suggests its contribution to the definitive
endoderm. Further experimentation is required to assess the function and necessity of
EcSox17 in endoderm formation.
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INTRODUCTION:
Endoderm is defined as the innermost layer of the three `germ layers` in a
developing animal. Some extraembryonic tissue in mammals is also referred to as
endoderm, so the early embryonic endoderm is often designated as definitive endoderm.
During organogenesis, the endoderm forms the lining of the primitive gut which later
forms the alimentary canal and its associated organs (Reviewed by Stainier, 2002).
Although the shape and size of the organs vary, the basic anatomy of the gut is conserved
among vertebrates. Here, I will discuss gut development in a model vertebrate, the South
African clawed frog, Xenopus laevis in detail.

I. Gut development in Xenopus laevis:
The endodermal cells are fated to form the lining of gut that includes pharynx,
esophagus, stomach and intestines. The epithelium of important organs like liver, gall
bladder, pancreas and respiratory system also originate from endoderm. The gut has
smooth muscle and connective tissue of mesodermal origin associated with it (Chalmers
and Slack, 1998). The amphibian X. laevis is an excellent model organism to study the
early formation, specification, differentiation, and interaction of germ layers during gut
formation (Horb and Slack, 2001).
A. Early endoderm development:
The endoderm of X. laevis is derived from the cells located in the vegetal
hemisphere of the early embryo (Horb and Slack, 2001). Early development of gut can be
classified into these different stages:
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1.

Formation is the establishment of the three germ layers. The cells at this

point of time commit to form endoderm, mesoderm or ectoderm. The amphibian embryo
develops into three germ layers, with the pigmented animal hemisphere forming the
ectoderm, the yolky vegetal hemisphere forming the endoderm, and the mesoderm
forming as an annulus at the equator (Clements et al., 1999). Formation of the endoderm
is assessed by the expression of a panendodermal marker such as endodermin (Horb and
Slack, 2001). In X. laevis, vegetal cells are committed to an endodermal fate
autonomously as a result of the localized maternal determinant VegT (Clements et al,
1999; Xanthos et al., 2001). All the cells are committed to their respective fates by the
time of gastrulation (Wylie et al., 1987; Horb and Slack, 2001). VegT and its role in
endoderm formation will be detailed later.
2.

Gastrulation is a morphogenetic process by which the mesoderm and

endoderm are internalized. The main activity of gastrulation involves the movement of
endoderm and mesoderm from the surface of the embryo to the interior to achieve
internalization of germ layers. By the end of gastrulation, the characteristic spatial
arrangement of the embryo is achieved with ectoderm on the outside, endoderm on the
inside, and mesoderm in between these two layers (Winklbauer and Schürfeld, 1999).
3.

Regional specification is when the cells are committed to each tissue

region. The cells are assigned to their spatial location along the anterior-posterior, dorsalventral, and left-right axes (Horb and Slack, 2001). In X. laevis, regional specification of
the endoderm is independent of the mesoderm; that is, it occurs cell-autonomously, early
in development (Clements et al., 1999; Zhang et al., 1998; Zorn et al., 1999). Heterotopic
recombination experiments, involving combinations of mesoderm and endoderm, indicate
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that endoderm has no stable regional specification until the tail bud stage (NF 20-25). At
later stages, regional specification and differentiation of endoderm is dependent on
signals from mesoderm (Horb and Slack, 2001). Nieuwkoop and Faber (1985) provided a
detailed classification of the developmental stages in X. laevis, and these stages are
represented with their initials NF.
4.

Differentiation or organ formation occurs when there is synthesis of

functional proteins and mRNAs that specify the cell type as pancreas, liver, stomach, or
intestine. During the formation of these internal organs, there is an extensive change in
shape of the developing gut along with the occurrence of a wide range of cell
differentiation. The organs of the gut contain endoderm-derived epithelium and
mesoderm-derived connective tissue and smooth muscle. These interactions result in a
complex and highly coiled gut (Chalmers and Slack., 1998). In mouse embryos, inductive
fibroblast growth factor (FGF) and bone morphogenic protein (BMP) signals from the
surrounding mesenchyme causes the endodermal epithelium to proliferate. In mouse, the
haematopoietic cells migrate and proliferate in the liver bud formed from the developing
gut, and emit signals for the growth of the liver (reviewed by Lemaigre and Zaret, 2004).
In X. laevis, endoderm differentiation occurs between stages NF 25-30 as indicated by
dorsal pancreatic insulin expression. Late endodermal differentiation occurs at stage NF
30-35, when liver and intestinal markers, LFABP and IFABP, are expressed (Horb and
Slack, 2001).
B. Metamorphosis and remodeling:
The tubular structure of the embryo is patterned into different regions as
esophagus, stomach, small intestine and colon to perform essential functions of digestion,
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nutrient absorption and homeostasis (Ramalho-Santos et al., 2000). The tadpole is an
herbivorous organism, feeding on plant material. The highly coiled gut undergoes
remodeling into a relatively short gut of an adult carnivorous frog under the influence of
thyroid hormone (Shi, 2000). The larval to adult transformation of amphibian intestine is
caused by apoptosis of larval epithelium, and concurrent proliferation and differentiation
of adult gut epithelium (Shi and Ishizuya-Oka, 2001). The differentiated adult gut forms
from the proliferating stem cells with the stomach and intestine surrounded by connective
tissue (Shi, 2000).

C. Molecular regulation in gut development:

1.

VegT:
VegT is a T-box transcription factor, the RNA of which is localized to the vegetal

cortex of the X. laevis embryo (Zhang and King, 1996; Horb and Thomsen, 1997;
Stennard et al., 1996). VegT induces mesodermal and endodermal gene expression in
animal caps (Zhang and King, 1996; Horb and Thomsen, 1997; Clements et al., 1999;
Xanthos et al., 2001). Mesoderm inducing signals of the transforming growth factor _
(TGF_) family, nodal-related genes, require VegT for initiation of their expression. The
nodal-related genes, Xnr-1, -2, -4, -5, and -6 and derriere are involved in this signaling
(Clements et al., 1999; Kofron et al., 1999; White et al., 2002). VegT depleted embryos
do not express the endodermal genes endodermin, Xsox17_, Xlhbox8, insulin and IFABP,
implying its role in endoderm formation (Zhang et al., 1998; Xanthos et al., 2001). TGF_
signals, including the Xnrs, are essential for mesodermal induction, and they are also
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required for maintenance of endodermal gene expression early in embryonic development
(Yasuo and Lemaire, 1999; Engleka et al., 2001; Clements and Woodland, 2003).
Downstream targets of VegT include homeodomain proteins of the Mix/Bix/Mixer
family, the zinc finger factors GATA-4, -5, and -6, and HMG domain transcription
factors, Xsox17_ and Xsox17_ (Hudson et al., 1997; Henry and Melton, 1998; Xanthos et
al., 2001; Clements et al., 2003). Zygotic VegT causes expression of nodal-related genes
which in turn reciprocally regulate the interactions of VegT. This represents a positive
feedback loop, which maintains endodermal gene expression in vegetal cells (Stennard et
al., 1996; Horb and Thomsen, 1997; Osada and Wright, 1999). Maintenance of Sox17 by
nodal signaling is important as maternal VegT transcripts and proteins are lost rapidly
during gastrulation (Stennard et al., 1999), by which time the vegetal blastomeres are
committed to endodermal fate (Yasuo and Lemaire, 2001).

2.

Xsox17:
Sox17 is a HMG-box (High Mobility Group) transcription factor and is expressed

throughout the presumptive endoderm of the gastrula. There are two isoforms in X.
laevis, XSox17_ and XSox17_ that are necessary and sufficient for endodermal
development (Hudson et al., 1997). The Xenopus tropicalis orthologue, tSox17_, has a
93% and 89% identity to XSox17_ and XSox17_ respectively at the amino acid level and
is expressed similarly in the presumptive endoderm (D’Souza et al., 2003). VegT
regulation of XSox17 expression is cell-autonomous initially and depends on cell
interactions mediated by TGF_ signaling later in development (Yasuo and Lemaire,
1999; Clements et al., 1999; Clements and Woodland, 2003). Zygotic signaling
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molecules Xnr1, Xnr5 and the transcription factor XSox17_ are known to be direct targets
of VegT (Sinner et al., 2004). Transcription of Sox17 at later stages requires nodal
signaling for its maximal expression. Nodal signaling is also required to maintain the
expression of Mixer/Mix/Bix, Gata4, Gata5 and, Gata6 (Engleka et al., 2001; Yasuo and
Lemaire, 1999; Kofron et al., 1999; Xanthos et al., 2001).
a. Expression pattern:
Northern blot analysis detects the transcripts of XSox17_ and XSox17_ starting
at late blastula. There is no maternal expression XSox17 in X. laevis. XSox17_ is
expressed in the vegetal hemisphere and also equatorially, but not in the animal region as
indicated by RT-PCR. In situ hybridization shows that at NF10.5, XSox17_ is expressed
superficially as a ring around the blastopore and internally throughout the presumptive
endoderm (Hudson et al., 1997). Whole mount in situ hybridization on bisected gastrula
at stage 11 confirms XSox17 expression in the endoderm (Sinner et al., 2004). In situ
hybridization in X. tropicalis show that tSox17_ is expressed throughout the endoderm of
the gastrula, and the pattern is similar to that of Sox17 expression in X. laevis (D’Souza et
al., 2003).
b. Activity:
To test the activity, in vitro transcribed XSox17_ and –_ mRNAs were injected
near the animal pole at the 2-cell stage. The animal caps harvested later expressed the
panendodermal marker, endodermin. Over-expression of XSox17_ and –_ in the animal
caps induced the expression of IFABP and Xhlbox8. These genes are normally expressed
in the developing intestine and pancreas at later stages of development (Hudson et al.,
1997).
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c. Inhibition:
The endogenous Sox17 function and transcription was blocked with a dominant
negative XSox17 construct. It resulted in abnormal gut development at low concentrations
and gastrulation blockage at higher concentrations (Hudson et al., 1997). Another
inhibition experiment was done with XSox17_::EnR or XSox17_::EnR transcripts.
Injection into the labeled vegetal blastomeres inhibited Sox17 activity and reduced the
vegetal contribution to endoderm (Clements and Woodland, 2000). Antisense morpholino
oligos can be used to inhibit the translation of specific mRNAs. Inhibition of both
XSox17_ and XSox17_ by injecting morpholinos led to cessation of gastrulation and thus
affected early gut phenotype (Clements et al., 2003). Inhibition of XSox17_ alone has
little effect whereas XSox17_ morpholinos affected midgut, proctodeum, stomach and
liver to varying levels.

3.

XShh:
Hedgehogs form a family of signaling proteins associated with crucial

developmental events in both invertebrates and vertebrates (Ekker et al., 1995; Wells and
Melton, 1999; reviewed by Stainier, 2005). A key member of this family is sonic
hedgehog (Shh). It is expressed in the floor plate of the neural plate and plays a key role
in dorso-ventral neural patterning (Echelard et al., 1993). Shh is also expressed in the
zone of polarizing activity of the limb bud and is involved in the anterior-posterior
patterning of developing limb. Sonic hedgehog signaling prevents midgut differentiation,
and its down regulation is critical for normal intestinal development (Zhang et al., 2001).
Sonic hedgehog expression in higher vertebrates along with bone morphogenic protein
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(BMP) signaling is known to play an important role during gut organogenisis (reviewed
Ishizuya-oka, 2005). Excessive Shh protein leads to BMP4 dependent proliferation of
connective tissue. This proliferation results in anomalies of the post-embryonic intestinal
development.

4.

IFABP:
Intestinal fatty acid-binding protein (IFABP) is late thyroid hormone response

gene that is specifically expressed in the intestinal absorptive cells. IFABP mRNA is
detected in the intestine of the mid to late tailbud periods of developing X. laevis (Shi and
Hayes, 1994; Henry et al., 1996; Ishizuya-Oka et al., 1997). IFABP is localized in the
intestine with an anterior to posterior gradient in the adult epithelium during amphibian
metamorphosis. It is very useful in distinguishing the larval epithelial cells from the adult
cells during epithelial replacement in metamorphosis. IFABP is thus a useful tool for the
study of origin and differentiation of absorptive epithelial cells in the anterior half of the
larval intestine (Ishizuya-Oka et al., 1997).

II. Molecular development of the endoderm in other vertebrates:
Endoderm development in mouse or humans is different from X. laevis in that
they do not have a functional VegT orthologue (Lardelli, 2003). In zebrafish a VegT
homolog, spadetail, is expressed but does not regulate nodal or Sox17 (reviewed by
Stainier, 2002). Nodals are TGF_ family members, and experiments involving one
protein in mouse (nodal), two in zebrafish (Cyclops and Squint) and five in Xenopus
(Xnrs) indicate their importance in endoderm formation (reviewed by Whitman, 2001). In

8

zebrafish, nodal-related signaling leads to induction of Mix-type homeobox or Gata-type
zinc finger genes that in turn activate endodermal determining genes like Sox17.
The definitive endoderm in mouse is derived from the epiblast of the gastrula. In
the embryogenesis of mouse, a higher level of nodal signaling is required for endoderm
formation, and this is confirmed by experiments on cripto mutants which lack definitive
endoderm (Stainier, 2002). The Sox17-null mutation in mouse results in the reduction of
the size of the foregut. The midgut and hindgut degenerate into a cord-like structure. The
Sox17-null embryonic stem cells fail to colonize the gut endoderm of chimeric mice
(Kanai-Azuma et al., 2002). These findings suggest the important role that Sox17 plays in
the endodermal development of mouse.
Maternally expressed VegT directly activates Xnr and Bix1 and Bix4 expression
(Kofron et al., 1999; Casey et al., 1999) in X. laevis. Nodal signaling leads to Gata5 and
mixer expression, which in turn regulates Sox17 expression (Xanthos et al., 2001). Bix1
and 4 also are involved in the regulation of Sox17 expression, independent of nodal
signaling (Engleka et al., 2001). In zebrafish, nodal signaling involves Gata5 (Faust) and
Mixer (Bonnie and Clyde). This nodal signaling turns on the transcription of a Sox17related HMG transcription factor, Casanova (Cas) (Tam et al., 2003).

III. Gut development in a direct developing frog:
Significant progress has been made in understanding the gut development in the
vertebrate model, X. laevis. The tadpole gut of X. laevis is adapted for digestion and
assimilation of plant material for nutrition; the adult frog however is carnivorous.
Replacement of herbivorous gut with a carnivorous gut occurs during metamorphosis
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from a tadpole to an adult. Vertebrates such as mouse and chick do not have an
intermediate stage analogous to a tadpole in their development. They do not undergo
metamorphosis and develop directly into an adult.

A. Frog direct development:
Direct development in an organism is the development of an embryo to an adult,
without a free-living larval or tadpole stage. The Puerto Rican tree frog,
Eleutherodactylus coqui, has no tadpole in its development. The yolk-rich vegetal region
is internalized at gastrulation and ends up in the gut of the free-living froglet. These yolkrich vegetal cells provide nutrition for direct development of the embryo, and thus the
requirement for a feeding tadpole is bypassed.
Unlike X. laevis, fertilization in E. coqui is internal (Townsend et al, 1981;
Elinson, 1987). The embryos develop on land and hatch as free-living froglets. The
embryo during its development looks like a miniature frog (Townsend and Stewart,
1985). Many of the tadpole-specific developmental features, such as larval mouth parts,
cement gland, lateral line organs, and the coiled herbivorous gut, do not form (Elinson,
1990).
Direct development is considered to be a derived state in E. coqui, based on the
other members of its family, Leptodactylidae. The biphasic development in anurans, with
a tadpole or larval stage, is considered to be a primitive condition (Townsend and
Stewart, 1985; Elinson, 1990; Callery et al., 2001). Evolution of direct development
occurred independently as many as 10 times during the evolution of anurans (Fang and
Elinson, 1996), and Eleutherodactylus is considered the extreme case.
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B. E. coqui gut development:
Information on E. coqui gut development is limited. Its development is
significantly different from the development of X. laevis. E. coqui has a large egg of
about 3.5mm diameter compared to a smaller 1.3mm X. laevis egg (Elinson, 1987). As
the feeding tadpole has been eliminated, the direct developers are provided with a large
amount of yolk for nutrition (Elinson and Beckham, 2002).
The increase of egg size in frogs and other amphibians has led to alterations in the
development, but the basic amphibian pattern of early development has been retained.
The early cleavage furrows appear irregular and superficial in another direct developing
frog, Gastrotheca (del Pino and Elinson, 1983). In E. coqui, the first horizontal division
separates the eight animal cells that represent 1% of the embryos volume. These 8-animal
cells contribute to most of the mesoderm and ectoderm (Ninomiya et al., 2001). The
presence of large amount of yolk is considered to have caused the events of
embryogenesis to occur more towards the animal pole.
The large amount of yolk is internalized at gastrulation in E. coqui, similar to
other amphibians, and it is surrounded secondarily by the ectoderm and mesoderm of the
body wall (Elinson and Fang, 1998; Elinson and Beckham, 2002). Townsend and Stewart
classified the embryonic development of E. coqui into fifteen stages, starting with
cleavage (TS1) to hatching (TS15). At the time of hatching (TS15), the developing gut
consists of narrow anterior and posterior tubes attached to a large, yolk-rich central
region with a lumen (Langer, 2003). The anterior and posterior tubes, as well as the
dorsal part of the yolk-rich region, look like definitive gut tissue. Assays of proliferation
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recognized comparatively heavy proliferation in the regions anterior and posterior to the
yolk-rich tissue (Langer, 2003).
These observations provide evidence that hints at the presence of a region of yolkrich endoderm that does not contribute to the definitive gut. Molecular data pertaining to
endodermal patterning would provide better insight into development of the gut.

C. E. coqui orthologues of genes in X. laevis endoderm development:
Several E. coqui orthologues of RNAs involved in X. laevis endoderm
development have been cloned (Beckham et al., 2003; Williamson, unpublished).

1. EcVegT:
As described earlier, VegT is required for the initiation of both mesoderm and
endoderm formation in X. laevis. The E.coqui orthologue of VegT, EcVegT, has been
cloned (Beckham et al., 2003). The 1634bp clone (AY2511031) of a EcVegT transcript
includes the entire open reading frame. EcVegT shows an overall 69% identity at amino
acid level and, 89% identity in the T-box region when compared to VegT of X. laevis.
EcVegT is both maternally and zygotically expressed as in X. laevis. In situ
hybridization on mature oocyte indicates that the EcVegT transcripts are located in the
animal third, unlike in X. laevis where VegT RNA is localized in the vegetal cortex.
EcVegT RNA is present in the animal third of the oocyte at a concentration over 200
times that in the vegetal region (Beckham et al., 2003). The animal location of this
important transcription factor in E. coqui suggests that the mesoderm and endoderm
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might be derived from the more animal region of the embryo. At the early gastrula stage,
VegT RNA is present in a ring around the embryo slightly animal to the dorsal lip.

2. EcSox17:
As described previously, XSox17 is an endodermal transcription factor, expressed
throughout the vegetal region fated to form the definitive gut in X. laevis. EcSox17, the
orthologue of the XSox17, has recently been cloned by Sean Willamson (unpublished).
The 1565 nucleotide sequence contains the complete 3`UTR and conceptually translates
into a protein of 380 amino acids. EcSox17 shows an overall identity of 73% at the amino
acid level and 82% identity to the HMG domain of XSox17_1. EcSox17 also shows 68%,
53% and 48% nucleotide identity to XSox17_1, XSox17_2 and XSox17_ respectively. RTPCR and in situ hybridization experiments on E. coqui embryos would provide data about
the endoderm patterning at early stages in these direct developing frogs. The data of E.
coqui and X. laevis Sox17 expression can be compared to understand the endoderm
development in the direct developing frog.

3. EcShh:
As described previously, Shh is involved in the differentiation of gut at later
stages of development in X. laevis. The 416bp fragment of the EcShh orthologue is
sufficient for carrying out in situ hybridization and EcShh is expressed in the foregut at
TS5 (Hanken et al., 2001). EcShh might be expressed after the endoderm has already
been specified as in case of X. laevis.
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IV. Plan of thesis:

A.

Rationale and Hypothesis:
The large amount of yolk providing nutrients for direct development of the E.

coqui embryo and the localization of the RNA of mesendodermal marker EcVegT to the
animal third of the oocyte suggest that the entire vegetal region might not end up
contributing to the definitive gut. I hypothesize that a part of the yolky vegetal region in
E. coqui is nutritional in function and does not end up in the definitive gut. The vegetal
cells fated to form the definitive gut would express the endodermal marker, EcSox17 and
those nutritional in function would not.

B.

Experimental approach:
I will present both the RT-PCR and in situ hybridization data on the expression of

the endodermal marker, EcSox17. Reverse transcription-polymerase chain reaction (RTPCR) will be employed to detect the presence of the EcSox17 transcript in the whole and
dissected pieces of embryos. In situ hybridization experiments will help identify the
location of the transcript in regions that are fated to form the definitive gut. I will
consider whether there are two populations of cells: the ones expressing EcSox17 that
form the gut and the ones not expressing EcSox17 that provide nutrition to the embryo.
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MATERIALS AND METHODS:

I.

Coqui embryos:
Adult E. coqui were collected in Puerto Rico under permits issued by the

Departmento de Recursos Naturales and in Hawaii under Injurious Wildlife Exports
Permits issued by the Department of Land and Natural Resources. Embryos were
obtained from natural mating in our laboratory colony as described previously (Elinson et
al., 1990). Embryos were raised in Petri dishes on a filter paper moistened with 20%
Steinberg’s. To make a 20% Steinberg’s solution, 10 ml Stock A and 10 ml Stock B were
mixed and the final volume made to 1000 ml with de-ionized water. The Steinberg’s
solution was prepared from two different 20X stock solutions: Stock A, 1.16 M NaCl, 13
mM KCl, 17 mM MgSO4.7H2O, 6.7 mM Ca(NO)3 with 1000 ml deionized water, and
Stock B, 9.98 mM Tris adjusted to pH 7.4 with 1N HCl. The developing embryos were
staged according to the classification provided by Townsend and Stewart (1985).
Townsend and Stewart classified the embryonic development of E. coqui into fifteen
stages, from cleavage (TS1) to hatching (TS15).

II.

Dejellying and removal of fertilization envelope:
Embryos for molecular use at the desired stage were transferred into a fresh Petri

dish and flooded with 20% Steinberg’s solution. This causes the outer jelly layer to
swell, and the outer and middle jelly layers were removed carefully with fine forceps.
The inner jelly layer was dissolved with 2.5% cysteine, pH 8.0, by gently swirling in a
glass beaker for 5-8 minutes. When the layer was completely dissolved, the embryos
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touched each other with no space between them. Embryos were thoroughly rinsed with
copious amounts of 20% Steinberg’s 3-4 times. To weaken the fertilization envelope,
dejellied embryos were further treated with 2.5% cysteine, 2% papain and 2% chymotrypsin, pH 8.0 (Hennen, 1973), for 10-20 seconds. The embryos were washed
with liberal amounts of 20% Steinberg’s and transferred into a dish containing 1% bovine
serum albumen (BSA, Sigma) in 100%. 100% Steinberg’s was made by mixing, 50 ml
Stock A and 50 ml Stock B and made up to 1000 ml with deionized water. The
fertilization envelope was removed carefully with fine forceps under a dissecting
microscope.

III.

Dissection of embryos:
Gastrulae were dissected into different pieces and RT-PCR was performed to

observe EcSox17 expression. Embryos were dejellied and their fertilization envelope was
removed prior to dissection as described above. Without the fertilization envelopes,
embryos flattened into something like a pancake. These were manipulated with a loop
made from human hair attached to the end of a glass Pasteur pipette. The embryos were
positioned with their animal caps down and their vegetal halves up, so that the dorsal
blastoporal lip was visible. Fine tungsten needles were used for dissection. Two incisions
of equal length, extending towards the center of the embryo were made on opposite sides
lateral to the dorsal lip (Fig 10b). The inner ends of the incisions were joined by cutting
in a semi-circular fashion on either side of the central vegetal core. At the end of
dissection, a semi-circular dorsal piece with the dorsal lip, a semi-circular piece of the
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ventral side, and a central core of the early gastrula remain. These pieces were transferred
into three different 1.5 ml microfuge tubes for RNA extraction.

IV.

RNA Extraction:
Four to five dejellied whole embryos with their fertilization envelopes removed or

eight to ten pieces in the case of dissected embryos were transferred into a 1.5 ml
microfuge tube. The excess solution transferred with the embryos was removed as far as
possible with a clean glass Pasteur pipette. A microfuge pestle sprayed with RNAse away
solution (Molecular Bio Products) and rinsed twice with diethylpyrocarbonate (DEPC,
Sigma) treated water. To prepare DEPC-water, one ml of DEPC was added to 1000 ml of
nanopure water and autoclaved after overnight incubation at room temperature. Five
hundred microliters of cold Trizol reagent (Invitrogen) was added to the microfuge tube,
and the embryos or pieces were homogenized with an RNAse free pestle attached to an
electrical homogenizer. The sample was homogenized thoroughly for 3-4 min; an
additional 500 µl of Trizol was added and mixed thoroughly. The homogenate was
incubated at room temperature for five min. Two hundred microliters of chloroform was
added to the homogenate and mixed by shaking for 15-20 sec. The mix was incubated at
room temperature for three min and centrifuged at 16,100rcf for ten min. The RNA
remained in the supernatant, which was transferred into a 1.5 ml microfuge tube, taking
care not to disturb the interphase. About 500 µl of isopropanol was added, swirled gently,
and incubated at room temperature for ten min. The mix was centrifuged for ten min, and
the supernatant was discarded carefully without disturbing the pellet at the bottom of the
microfuge tube. About one ml of 70% ethanol was added, vortexed for about 30 sec, and
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spun for four min. The ethanol was discarded and the retained pellet was allowed to dry
at room temperature for 15-20 min. The dried pellet was dissolved in 30 µl DEPC water
and, incubated at 60oC for five min. The solution was vortexed gently and centrifuged
briefly. To this 7.5 µl DEPC, 10 µl React buffer-2 (Invitrogen), 2 µl RNAse free DNAse
(Promega) and 0.5 µl RNAse inhibitor (Takara) were added, mixed gently and incubated
at 370C for 45 min. Following incubation 150 µl DEPC-water and 200 µl PCI (phenol:
chloroform: isoamylalchol:: 25: 24: 1) were added and vortexed vigorously for 30 sec.
The mix was centrifuged for five min, and the upper aqueous layer was transferred into a
fresh centrifuge tube. Eighteen µl of 3 M sodium acetate, pH 6.0 and 500 µl of ice cold
ethanol were added and incubated overnight at –200C. The mix was centrifuged for 15
min; the supernatant was discarded and the pellet was washed with 70 % ethanol. The
pellet was dried for 15-20 min and dissolved in about 25 µl of DEPC by thoroughly
mixing with a pipette. The microfuge tubes were transferred onto ice or stored at –200C
until further use. The amount of RNA was quantified at a wavelength of 260 nm using a
spectrophotometer by dissolving 1 µl of RNA sample in 99 µl of DEPC water. The
absorption at 260 nm was multiplied by a correction factor (40) and, a dilution factor
(100) that gave the concentration of RNA in µg/ml.

V.

Reverse Transcription:
Complimentary DNA (cDNA) was made from RNA by a reverse transcription

(RT) reaction. The reaction mixture was assembled on ice in a 1.5 ml microfuge tube.
Reagents were added to the microfuge tubes in the following order: 10 µl 5 X-RT buffer
(Promega), 2.5 µl 100 mM dNTP (USB), 5 µl 500 nM/µl Oligo dT (Promega), mRNA
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sample of a particular stage up to 10 µl, and 2 µl RNAse inhibitor (Takara). The final
volume was made up to 47.5 µl with DEPC-water. The amount of RNA was quantified,
and 2 µg of total RNA of each sample was used per reaction. To the above mixture, 2.5
µl M-MLV RT (Promega) was added and incubated at 37oC for one hour. Following the
completion of the reaction, the reaction mixture was applied to Probequant-50
(Amersham) and allowed to stand for one minute. The cDNA was collected in a fresh 1.5
ml microfuge tube by centrifuging the Probequant for 1min. Each reaction gave a 50 µl
cDNA sample and was immediately placed on ice or stored at –200C until further use.

VI.

Designing primers and primers used:
Primers were designed to detect the presence of the genes expressed in the

embryo. EcL8, a ribosomal protein gene that is expressed throughout development was
used positive and negative control. Primers for EcL8 were previously designed and used
by Yvonne Beckham. Primers designed by Greg Czuczman based on the sequence
(Genbank accession number AF113403; Hanken et al., 2001) were used to detect EcShh
expression. I designed four primers for EcSox17, two forward and two reverse each 21-24
bases in length with the help of the Genefisher Interactive PCR Primer Design Program
(See Results). The primers were designed to amplify a 150-300bp of the 1532bp EcSox17
cloned and sequenced by Sean Williamson (unpublished). An assay was done using TS6
cDNA with the four possible EcSox17 primer combinations, of which primer pair F599R800 that amplified an expected sequence was selected for use in future experiments.
The primer were F599, 5`CTACAGCTTGCCTACACCTGA3` and R800,
5`CATCCCATCATACTCTGTGCA3`.
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VII.

PCR:
PCR experiments were set up with similar parameters for all the primer sets

except for the annealing temperatures and the number of cycles. Reactions were carried
out in PCR tubes at a constant volume of 20 µl each. A master mix was made fresh on ice
before each PCR experiment. The reagents used per reaction were: 2 µl 10X PCR buffer
without MgCl2 (Invitrogen), 0.4 µl 10 mM dNTP (USB), 0.6 µl 50 mM MgCl2
(Invitrogen), 0.1 µl Taq polymerase (Invitrogen), 12.9 µl DEPC-water and 2 µl of each
specific primer set. The amount of master mix for a particular experiment was based on
reagents per reaction multiplied by the number of samples to be set up. Tubes were
numbered, and 18 µl of the master mix was aliquoted into each of the tubes. Two
microliters of cDNA of each sample was added to the corresponding EcL8, EcSox17 or
EcShh master mixes. Two micrograms RNA, the same amount used for cDNA synthesis,
was diluted to 50 µl with DEPC-water. Two microliters of this solution was added to the
master mix to serve as a negative or –RT control. Two microliters of DEPC-water was
added to master mix for each primer set as a water control to rule out any contamination
of primers or the reagents. The EcL8 positive controls for good cDNA synthesis, and the
negative controls to indicate any genomic DNA contamination, were run for 25 cycles.
The samples with EcSox17 primers were run for 29 cycles. The initial denaturation was
done at 94oC for 5 min. Each of the cycles had 50 sec denaturation at 94OC, a 50 sec
annealing at 50OC for EcL8 and 55OC for EcSox17 and, a 50 sec extension at 72OC. The
final extension was allowed to occur at 72OC for 10 min. At the end of PCR cycles the
samples were run on a gel or stored at 40C until further use.
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VIII.

Ethidium bromide gels and gel photography:
To visualize the amplification of a cDNA fragment after PCR, the reaction mix

was run on an ethidium bromide gel. Ethidium bromide intercalates with the bases in the
cDNA and allowing its visualization under UV light. A 1% solution of agarose was
dissolved in 0.5X TBE (0.045 M Tris-borate, 0.001 M EDTA; pH 8.0) by heating, the
solution was allowed to cool and one µl 10mg/ml ethidium bromide was added. The
agarose solution was poured onto a plastic gel setting plate with a comb and allowed to
cool at room temperature. After the gel was set, it was transferred into a gel running
chamber with 0.5 X TBE solution. To each PCR sample, one µl 10X tracking dye
(Promega) was added to visualize the progression of the dye front of the samples. The
samples were carefully loaded into the wells on the gel. A 1kb DNA ladder (Promega)
was run for size reference. The gels were run at 100-135 V for 20-30 min or until the dye
front was almost to the end of the gel. The gels were photographed on a Kodak imaging
station and saved as tiff files with Adobe Photoshop software. The visualization of a
bright band of expected size was considered as evidence of expression of that particular
RNA. For the data to be considered reliable, it was required that the EcL8 primers
amplified a 480bp band in the positive but not in the negative control.

IX.

Fixing embryos for in situ:
The results of RT-PCR gave information on EcSox17 expression at different

stages of the developing embryo. To get an idea about the location of EcSox17 RNA in
embryos, in situ hybridization was done. Gastrula (TS2) and neurula (TS3) to be fixed
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were dejellied as described earlier and transferred into a 10ml glass vial with MEMFA.
MEMFA is made fresh before each use at a concentration of 100 mM MOPS pH 7.0, 2
mM EGTA, 1 mM MgSO4 and 3.7 % formaldehyde. The vial was rocked vertically on a
nutator for three hours, and the fertilization envelope was removed carefully with forceps.
Bisection of embryos, if required, was done at this point in MEMFA with a sharp razor
blade. The embryos were fixed for a further two hours, washed twice in 100% ethanol,
and stored at –200C in 100% ethanol until further use.

X.

EcSox17 plasmid midi prep:
EcSox17 was cloned into a pGEM-T EASY vector (Promega) by Sean Willimson

in the lab. A glycerol stock of the EcSox17 clone was thawed and streaked on a LB
agarose plate taking all asceptic precautions. The streaked plate was incubated at 370C
overnight, and a single bacterial colony was transferred to 70 ml fresh LB broth. The
conical flask was sealed with aluminium foil and incubated for 24 hrs at 370C in a
shaking incubator. A Perfectprep plasmid midi (Eppendorf) was performed on the culture
to obtain the plasmid with the EcSox17 insert. The bacterial culture was transferred into
two 50 ml polypropylene centrifuge tubes and centrifuged for 20 min at room
temperature. The supernatant was discarded without disturbing the pellet, and four ml of
ice cold solution 1 from the Perfectprep was added. The pellet was completely
resuspended in the solution and incubated at room temperature for ten min and then on
ice for five min. To the resuspended cells, four ml of solution 2 was added, mixed gently
to lyse the bacteria, and was incubated on ice for five min. To the above mix, four ml of
solution 3 was added and mixed gently by inverting and rocking the tube. After 10 min
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incubation on ice, the mixture was centrifuged for 25 min. The supernatant was carefully
transferred to a fresh 50 ml centrifuge tube, and 10 ml of cold DNA binding matrix was
added and mixed vigorously. A spin column (Eppendorf) was inserted into a new
centrifuge tube; the solution was added to it and centrifuged for 10 min. The filtrate was
discarded, and the DNA binding matrix “cake” was rinsed twice with diluted purification
solution followed by centrifugation for five min each. The spin column was allowed to
dry, and the plasmid was eluted into a fresh centrifuge tube with three ml of DEPC-water
by centrifuging for five min. The procedure gave a good yield of the plasmid, which was
quantified by spectrophotometry.

XI.

Restriction digest of EcSox17 plasmid:
For transcription of the antisense and sense probes for in situ hybridization, the

plasmid was linearized. The information on enzymes that cut the plasmid at either side of
the insert was supplied by the manufacturer (Promega). A list of the restriction enzymes
that cut the insert was obtained using a program, NEBcutter V2.0 (New England
Biolabs). Enzymes, chosen to cut the plasmid for sense and antisense transcription, were
such that they cut the insert at one of the ends and not the insert itself. Nco-I (Fisher) cuts
the plasmid past its 5’ end with SP6 promoter at the 3’ end and provides a template for
antisense EcSox17 transcript. Spe-I (Fisher) cuts the insert past its 3’ end with T7
promoter at it 5’ end and provides a template for transcription of sense strand for
ExSox17. When the plasmid was double digested with Nco I and Spe I, the complete
insert was obtained. The reaction was set with 10 µg plasmid, 20 µl restriction buffer
(Fisher), 10 µl restriction enzyme (Fisher), and the final volume made up to 200 µl with
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DEPC-water. The reaction mix was incubated at 370C for three to four hrs in a water
bath. At the end of the digest, three µl of 1mg/ml proteinase K along with 10 µl 10% SDS
was added and incubated at 550C for 45 min. An equal volume of phenol: chloroform was
added, the mix was vortexed for about a minute, and centrifuged for 10 min. The top
layer was transferred to a new microfuge tube and vortexed with an equal volume of
chloroform for about a minute. To the top layer in a new microfuge tube, 20 µl 3 M
sodium acetate, pH 5.2, and 500 µl of ice cold ethanol were added and left at –200C
overnight. The mix was centrifuged for 10 min, and the pellet was washed twice with 70
% ethanol, and dried for 10-15 min. The dried pellet was resuspended in DEPC-water,
quantified with a spectrophotometer, and stored at –200C until further use.

XII.

Transcripton of the sense and antisense probes:
The linearized plasmid was used as a template to transcribe labeled sense and

antisense probes for in situ. The reagents were assembled at room temperature in a 1.5 ml
microfuge tube in the order specified below, but the reagents themselves were always
kept on ice. Each reaction has 4 µl 5X transcription buffer, 2 µl 2X DIG RNA labeling
mix (Roche), 1 µl 100mM DTT (Fisher), 1 µl RNAse inhibitor (Takara), 2 µl RNA
polymerase SP6 (Invitrogen) for antisense and T7 (Fisher) for sense probe, 2 µg template
and the final volume was made up to 20 µl with DEPC-water. The reaction mix was
incubated at 370C for three hours in the hybridization oven. Transcription was verified by
running 1 µl of the reaction mix on an ethidium bromide gel. An equal volume of 8 M
LiCl was added to the remaining probe and left at –200C overnight. The probe mix was
centrifuged for 10 min and the supernatant was discarded. The pellet was washed twice
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with 70% ethanol and air dried. The pellet was dissolved in 100 µl DEPC-water and was
quantified by spectrophotometry. The probe was hydrolyzed by adding 100 µl of 80 mM
sodium bicarbonate and 120 mM sodium carbonate mixture and incubating at 600C for 30
min. To this, 12.5 µl 8M LiCl and 500 µl 100% ethanol was added and precipitated
overnight at –200C. The mix was centrifuged for five min, the supernatant discarded, and
the pellet was washed twice with 70% ethanol and air dried. The pellet was dissolved in
hybridization buffer, and the amount of probe was estimated on the basis of
spectrophotometry reading taken just before hydrolysis.

XIII.

In situ hybridization:
The embryos fixed in MEMFA were transferred into a five ml labeled baked glass

vials, one each for sense and antisense. Embryos were always transferred with a plastic
pipette, and baked glass Pasteur was used for changing solutions. All the glassware,
solutions and equipment used for this experiment were RNAse free. For each experiment,
at least three embryos for antisense and two embryos for sense were used. The embryos
were rehydrated in a series of solutions starting with 100 % ethanol, a mix of 75 %
ethanol and 25 % DEPC-water, 50% ethanol and 50 % DEPC-water, 25 % ethanol and 75
% PTw (1X PBS and 0.1 % Tween-20, Fisher) and 100 % PTw each for about five
minutes. The embryos were washed thrice with 100 % PTw and treated with one ml 10
µg/ml proteinase K for 20 min. The embryos were washed twice five min each with five
ml 0.1 M triethanolamine pH 7.5, with gentle rocking. To the rinsed embryos in five ml
triethanolamine, 12.5 µl acetic anhydride (Sigma) was added and rocked for five min, an
additional 12.5 µl acetic anhydride was added and rocked for another five min. The
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embryos were washed thrice with 100 % PTw five min each on a nutator and refixed in
4% paraformaldehyde for 20 min. To make 20 % paraformaldehyde in water, the cloudy
solution was neutralized with NaOH and heated at 65OC while shaking gently until the
solution was clear. The 20% paraformadehyde was covered in foil and stored in cold until
use. The embryos were washed thrice with 100 % PTw, five min each. All but one ml of
PTw was removed, and 250 µl hybridization buffer (50 % formamide, 5X SSC, 1 mg/ml
Torula RNA (Sigma), 100 µg/ml Heparin (Sigma), 1X Denhart’s, 0.1 % Tween-20, 0.1 %
CHAPS (Sigma), 10 mM EDTA) was added and the embryos were allowed to settle for
five minutes. The solution was replaced with 500 µl fresh hybridization buffer and
incubated in a hybridization oven at 600C for 10 min. The solution was replaced with
fresh hybridization buffer and incubated overnight at 600C for pre-hybridization. The
solution was replaced with fresh 500 µl hybridization solution with the sense or antisense
EcSox17 probe at a concentration of 1 µg/ml and allowed to hybridize overnight at 600C.
The probe was replaced with fresh hybridization buffer and incubated at 600C for 10 min.
The embryos were washed with 2X SSC (Sambrook et al., 1989) thrice for 20 min each
at 600C and then washed in 2X SSC containing 20 µg/ml RNAse A (Sigma) and 10
units/ml RNAse T1 (Sigma) for 30 min at 370C. This solution was replaced with 2X SSC
and rocked gently for 10 min at room temperature on a nutator. The embryos were
washed twice with 0.2X SSC for 30 min each at 600C. The embryos were further washed,
twice in maleic acid buffer (MAB; 100 mM Maleic acid, 150 mM NaCl; pH 7.5) for 15
min each at room temperature. The solution was replaced with a solution of MAB and
2% Boehringer Blocking Reagent (BMB, Roche) and rocked gently on a nutator for one
hour at room temperature. The embryos were then washed in a solution 500 µl MAB +

26

2% BMB + 20 % heat treated lamb serum (Gibco) for one hour on a nutator. The solution
was replaced with 500 µl fresh MAB + 2%BMB solution and 0.25 µl antidigoxigening
antibody coupled to alkaline phosphatase (Roche) was added. The vials were rocked
gently overnight at 40C. The unbound antibody was removed and the embryos washed
five times for one hour each at room temperature with maleic acid buffer, one of the
washes was overnight at 40C.
For the chromogenic reaction, the embryos were washed twice in five ml freshly
made alkaline phoshatase buffer (100 mM Tris, pH 9.5, 50mM MgCl2, 100 mM NaCl)
for five min each on a nutator. The solution was removed as much as possible and 0.5 ml
BM purple staining reagent (Roche) was added. These vials were rocked gently on a
nutator in dark at room temperature. Progress of staining was checked every hour by
transferring the embryos into alkaline phosphatase buffer. They were placed back in BM
purple for darker staining as necessary. Staining times ranged from 10-18 hrs in these
experiments. Embryos that showed satisfactory staining were transferred into MEMFA,
fixed for three hrs, and washed twice in 100 % ethanol. The embryos were then
transferred to 100 % ethanol for photography or were stored until further use. The in situ
procedure on the bisected embryos was the same as for whole embryos.

XIV.

Photography of the embryos:
The sense and antisense embryos were transferred to a Petri dish filled with 100

% ethanol for photography. Pictures were taken with a digital camera (Q-Imaging
Corporation). The embryos were manipulated gently with a hair loop to prevent damage
and were oriented in wells made in an agarose gel bed at the base of the Petri dish.
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Embryos were always kept submerged in 100% ethanol to prevent them from drying up.
Pictures were formatted using Adobe Photoshop, with the density of the image being kept
constant at, 100 pixel/inch.
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RESULTS:
I. Establishing an RT-PCR Assay:
To detect EcSox17 transcripts in the development of Eleutherodactylus coqui,
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) was to be employed.
Primers were designed with the help of the Genefisher Interactive PCR Primer Design
Program (http://bibiserv.techfak.uni-bielefeld.de/genefisher/). The criteria were set for
primers of 24 bases in length that would amplify a 150-300bp piece of a 1532bp EcSox17
cDNA, cloned by Sean Williamson (unpublished). The program returned a set of forward
and reverse primers of which two forward (F599 and F657) and two reverse (R800 and
R908) primers were chosen for a testing.
EcL8, known to be expressed throughout development of E. coqui (Callery and
Elinson, 2000a), was used as a cDNA control. A band of 480bp was expected when EcL8
primers were used indicated good cDNA synthesis from the total RNA. RNA was used
instead of cDNA in the PCR mix along with EcL8 primers for a negative control, and the
absence of a band indicated the lack of genomic DNA contamination. All four possible
EcSox17 primer combinations were tested on E. coqui stage TS6 cDNA. Of the four
different combinations, F599-R800 and F657-R800 amplified a band of about 201bp as
expected (Figure.1). The F599-R800 primer combination that amplified an expected
piece of about 201bp was used for all the future experiments as it was of a larger size.
An optimum cycle number of 29 to detect EcSox17 and 25 for EcL8 expression
were fixed for all the experiments that followed. An annealing temperature of 55oC for
EcSox17 and 500C for EcL8 consistently gave unambiguous bands. Primers to look at the
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expression of EcShh used in these experiments were designed by Greg Czuczman (See
Materials and Methods).

II. Expression of EcSox17 and EcShh during embryonic development:
RT-PCR on whole embryos was done to obtain information about the expression
of EcSox17, the putative endodermal marker, and EcShh, expressed in differentiating gut.
Four or five embryos of each Townsend and Stewart stage were used for total RNA
isolation, and the RNA was used for RT-PCR. Embryos from the same clutch were used
for RNA extraction at more than one stage of embryonic development. In all, embryos
from six different clutches were used for extraction of total RNA for the fourteen
developmental stages from TS2 to TS15.
The endodermal marker, EcSox17, was expressed throughout most of the
embryonic development from gastrulation (TS2) to hatching of the free-living froglet
(TS15) (Fig. 2). EcSox17 was expressed at higher levels early on (TS2 through TS5), and
the transcripts were detectable until TS10. At stage TS 11, there was no EcSox17 RNA.
Expression resumed at TS12 and continued through TS15, just before hatching of the
free-living froglet.
EcShh expression was seen in two phases (Fig. 2). The first started at limb bud
stage (TS4) and continued until TS6. The second beginning at TS12, and the expression
remained high until TS15. Shh is involved in limb bud formation, neural tube patterning,
and also in differentiation of gut tissue (Hanken et al., 2001; Zhang et al., 2001). The two
phases of EcShh expression likely reflect these functions.
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III. Early EcSox17 RNA transcript detection at cleavage and blastula:
EcSox17 expression was high at gastrulation (TS2, Fig. 2). To determine how
early in development this endodermal marker is expressed, RT-PCR was done on 32-256
cell embryos and on blastulae (Fig. 3). EcSox17 transcripts were detected in both cases.
The results indicate the presence of EcSox17 RNA well before the onset of gastrulation.

IV. Ovarian expression of EcSox17 RNA:
EcSox17 transcripts were detected in cleavage and blastula stage, so it was
imperative that an experiment be done to check if EcSox17 RNA was expressed in the
developing oocyte. For this purpose, RT-PCR was carried out on an ovarian RNA
sample. Total RNA was extracted from the ovary of a reproductively mature female E.
coqui by Michelle Sabo. The ovarian cDNA was made by reverse transcription and
subjected to PCR with EcSox17 primers. A band of the predicted length confirmed the
presence of EcSox17 transcripts in the ovary (Fig 4).

V. Location of EcSox17 transcripts in gastrula and neurula:
Expression of the endodermal marker EcSox17 was high at gastrula and neurula
stages (TS2, Fig.2). Location of these transcripts in the X. laevis embryo early on
indicates the part of embryo that ends up forming the endoderm of the gut (Hudson et al
1997; Clements et al, 1999; Xanthos et al., 2001). To get an idea of the EcSox17 location
in the gastrula and neurula, E.coqui embryos were subjected to in situ hybridization (Fig
6, 7, 8 and 9). Embryos at gastrulation (TS2) were grouped into three sets (Fig.5) for the
experiments. The four different sets of embryos used for in situ were the following:
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• Early Gastrula, a stage at which the dorsal lip of the blastopore just starts to form.
• Mid Gastrula, a stage at which the blastoporal lip completely surrounds the embryo
• Late Gastrula, a stage when gastrulation is almost completed i.e. the yolk plug stage.
• Neurula, a stage when the neural folds and neural groove are clearly visible.
Three independently synthesized sense and antisense probes were used for these
in situ experiments. The experiments were repeated atleast four times for each stage of
the embryos mentioned above. All the individual experiments gave consistently similar
staining patterns in the embryos.
Early gastrula:
The dorsal lip formed closer to the animal pole of the embryo than to the vegetal
pole. Staining was observed animal to the lip and also preceding lip formation on either
side (Fig 6). Staining was dark at the lip and more diffuse laterally. There was no staining
at the lip or preceding it in the sense embryos. The yolk-rich vegetal cells also did not
show any discrete staining with either the antisense or sense probe.
Mid Gastrula:
Staining was dark all along the lip, which surrounded the dorsal, lateral, and
ventral sides of the embryo completely at this stage (Fig. 7b, c). EcSox17 staining became
diffuse vegetal to the lip. Antisense staining resembled a ring around the embryo. No
visible staining was observed at the yolk-rich vegetal surface. The sense embryo was not
stained at the lip or vegetal to it (Fig. 7a).
Late Gastrula:
Late gastrulae showed staining at the lip that surrounds the yolk plug; the yolk
plug however was not stained (Fig. 8a). The most characteristic pattern of late gastrula
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antisense embryos was a bright wedge-like staining pointing towards the yolk plug (Fig.
8c). On either side of the wedge was a diffuse staining on the antisense embryo laterally
(Fig. 8a). In between the wedge and lip surrounding the yolk plug, no staining was visible
(Fig. 8a). The staining might be that of the endoderm that is internalized during
gastrulation. The sense embryos did not show any discernible staining at lip or on the
lateral sides of the embryo (8b, d).
The whole mount in situ allowed the visualization of staining at the surface of the
embryo. The yolk-rich vegetal cells did not show any discernible staining in the gastrula
embryos. This lack of staining might be attributed to the lack of EcSox17 expression or to
the probe’s inability to access the yolk-rich vegetal cells. To provide the probe better
access to the yolk-rich region, embryos were bisected in MEMFA during fixation.
In situs on the bisected embryos gave a view of the staining pattern on the
sectioned surface of the embryo. Dark staining was seen along the internal surface of the
involuting dorsal lip extending towards the anterior of the embryo (Fig. 8e). The ventral
lip showed dark staining just at the lip but did not extend to the interior. The lack of
staining of the internalized yolk looked the same as in the sense embryo.

Neurula:
At the neurula stage, the yolk was completely internalized and the blastopore
opening was indistinguishable. Dark EcSox17 staining was seen as an arc anterior to the
head neural fold and posterior to the tail neural fold (Fig. 9). Staining was also visible
surrounding the embryo as a relatively dark streak close to the neural folds laterally
connecting the anterior and posterior arcs. Diffuse staining was seen extending from the
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dark streak around to the neural folds at the anterior, posterior and lateral surfaces of the
embryo. Staining on the ventral surface of the embryo was diffuse and faint. The dark
pattern indicates that EcSox17 expression is higher in the dorsal part of the embryo and,
to a lesser extent towards the lateral and ventral sides of the neurula.

VI. RT-PCR analysis of dissected gastrula:
Early gastrulae did not show any distinct staining of the yolk-rich vegetal region
in the in situ experiments (Fig. 6). The number of EcSox17 transcripts might be low or the
probe might not have access to the transcripts in these large yolky vegetal cells. RT-PCR
is more sensitive than in situ and would facilitate EcSox17 transcript detection. To test
this, RT-PCR was performed on dissected pieces of early gastrulae. Four independent
dissection experiments were carried out. The embryos were dissected into three parts:
dorsal, ventral, and core (Fig 10). Dissection of the embryos was done in 100%
Steinberg’s with 1% BSA, and RNA was extracted from these pieces. Equal amounts of
RNA from each piece were used to make cDNA, and a PCR was run.
EcSox17 was expressed in all three dissected pieces of the embryo including the
core (Fig. 11). This indicated that all the three pieces contributed to the definitive
endoderm that forms the gut. This result however, is dependent on the accuracy of the
dissection. To check this, a PCR should be done on the dorsal, ventral, and core pieces
with EcBra primers. EcBra is a mesodermal marker, which should be expressed in the
dorsal and ventral pieces and but not in the core piece. A PCR result consistent with the
above prediction would validate this data.
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VII. RT-PCR analysis of dissected TS4 andTS5 embryos:
In situ hybridization of neurulae (TS3) indicated that EcSox17 is expressed
dorsally, and the ventral region is faintly stained (Fig. 9). To look at the pattern of
expression at later stages of development, TS4 and TS5 embryos were dissected into
dorsal and ventral pieces (Fig. 12), and an RT-PCR was done. The dorsal piece of the
embryo included the archenteron or the lumen of the gut. The ventral piece included the
entire yolk-rich vegetal region. EcSox17 was expressed in both the dorsal and ventral
pieces of the embryo at stages TS4 and TS5 (Fig 12). This experiment corroborated the
results of expression profile that includes the whole embryo expression of EcSox17 at
TS4 and TS5 (Fig. 2).
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FIGURE 1: Test of primers designed for RT-PCR assay of EcSox17 expression.
RT-PCR products of TS6 cDNA with different primer sets were run on an ethidium
bromide-agarose gel. The presence of the expected band (480bp) in EcL8 +RT lane and
its absence in the EcL8 –RT lane is indicative of good cDNA synthesis without genomic
DNA contamination. Four different combinations of EcSox17 primers are indicated as
two forward (F599 and F657) and two reverse (R800 and R908). Primer combination
F599-R800 that amplified the band of an expected size (201bp) was selected for
examining EcSox17 expression in all future RT-PCR experiments. The PCR was run for
26 cycles.
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Figure 2: EcSox17 & EcShh expression from gastrula to hatching.
EcSox17 and EcShh expression is shown at different stages of embryonic development.
The RNA for synthesis of cDNA used with EcL8, EcSox17 and EcShh primers and the
RNA used as –RT control are from the same RNA extraction. EcL8 positive and negative
controls were run for 25 cycles and EcSox17 and EcShh were run for 29 cycles. RNA
extraction was done at least once per stage. Fresh RNA was extracted and the experiment
repeated only if the –RT lane indicated genomic DNA contamination. Embryos used for
TS2, 4 and 9 belong to the same clutch; similarly, embryos used for TS5 and 10 are also
from the same clutch. This experiment was not repeated. The expression of EcShh was
consistent with the published data (Hanken et al., 2001)
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Figure 3: EcSox17 expression at stage TS1.
Stage TS1 of E. coqui consists of cleavage and blastula. RNA was extracted from
embryos at 32-256 cell or blastula. EcSox17 primers were run with cDNA and with
water. EcL8 primers were used with cDNA, RNA, and water. Water controls had 2µl of
DEPC-water instead of RNA or cDNA along with the corresponding primers and Master
mix. EcL8 reactions were run for 26 cycles at an annealing temperature of 500C. EcSox17
reactions were run for 29 cycles at an annealing temperature of 550C. Experiments were
done twice on the blastula and once in cleavage (32-256 cell) stage.

40

41

Figure 4: Ovarian expression of the endodermal marker EcSox17.
Ovarian cDNA subjected to PCR shows that EcSox17 is expressed in the ovaries. RNA
used for cDNA synthesis was extracted from ovaries of a reproductively mature female.
The EcL8 positive and negative controls indicate good cDNA synthesis and absence of
genomic DNA contamination. The experiment was run in triplicate to check
reproducibility of the results.
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Figure 5: Schematic diagrams of embryos at different phases of gastrulation.
Embryos were fixed for in situ hybridization at three different phases of gastrulation.
Orange indicates the blastopore lip. The dorsal lip starts to form at early gastrula,
extends around the embryo completely at mid gastrula and surrounds the yolk plug (Y) at
late gastrula.
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Figure 6: Whole mount in situ of early gastrula showing EcSox17 expression.
Sense and Antisense in situs of early gastrula demonstrate EcSox17 expression. The
animal pole (A) is on the top, the vegetal pole (V) towards the bottom, and * indicates the
dorsal lip of blastopore. Dark staining is seen at the dorsal lip and is diffuse preceding lip
formation and extending all along the lateral side. The sense embryo has no apparent
staining either at the lip or along the lateral side. The embryos look oval as the blastocoel
roof is torn and collapses during the in situ procedure.
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Figure 7: Whole mount in situ of mid gastrula showing EcSox17 expression:
Mid gastrula were stained for EcSox17 expression. Animal pole (A), vegetal pole (V)
and, the dorsal lip (*) of gastrula extending around the embryo are indicated in this
figure. (a) In this lateral view, there is no staining of the blastoporal lip (*) with the
EcSox17 sense (S) probe. (b) Antisense (AS) is shown in this lateral view. Dark staining
is at the lip that surrounds the embryo, at this stage and is diffuse vegetal (V) to the lip
(*). (c) Antisense (AS) is shown in its ventral view, dark staining is seen at the ventral lip
and is diffuse vegetal to it. There is no discernible antisense staining at the vegetal yolkrich region of the embryo.
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Figure 8: Whole mount and bisected in situ of late gastrula embryos showing
EcSox17 expression.
Antisense (a, c) and sense (b, d) whole embryos, subjected to in situ at late gastrula stage
are shown. (a) This antisense shows dark staining at the blastopore lip surrounding the
yolk plug (Y) and diffuse staining laterally. (b) No discernible staining is seen at the lip
or laterally in this sense embryo compared to antisense (a). (c) A characteristic wedge
pattern of staining is seen in this late gastrula antisense embryo.(d) This sense embryo
does not show any staining in this lateral view. (e) Bisected late gastrulae with their cut
surface are shown, antisense is on the right and sense on the left. Staining at the dorsal lip
(arrow) extends to the anterior of the embryo on its invaginated surface. Staining at the
ventral lip (white arrowhead) is local in the antisense embryo (AS). The yolk plug (y) is
not stained. This staining pattern is not seen in the bisected sense embryo (S).
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Figure 9: Whole mount in situ of early neurula showing EcSox17 expression.
The anterior view of the embryo is shown in the top panel and the posterior view is at the
bottom. The embryo’s anterior and posterior are characterized by its head fold (H) and
tail fold (T). Dorsal surface of the embryo is towards the top and ventral is towards the
bottom. Dark staining seen around the head fold is indicated by the arrowheads and also
the tail fold marked with small arrows. Staining surrounding the neural folds laterally as a
streak is also clearly seen (Bottom panel). Staining is diffuse along the lateral and ventral
sides of the embryo (Top panel). No staining is visible in the area immediately
surrounding the neural folds. Sense embryos do not show any visible staining
surrounding the head fold (arrow), tail fold (arrow) or laterally.
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Figure 10: Dissection of early gastrula for RT-PCR.
(a, b) Schematic of early gastrula dissection: orange indicates the dorsal lip of blastopore
and the dotted red line indicates the incisions. (a) This saggital section indicates the
dorsal (D), ventral (V) and core (C) pieces. The animal cap (AC) was discarded. (b) This
vegetal view of an early gastrula dissection is the same view as the dissected gastrula in
(c). (c) This early gastrula in its vegetal view showing the dissected dorsal (D), ventral
(V) and core (C) pieces. The dorsal lip of the blastopore is indicated by an arrow. RTPCR was done on these three different pieces individually to detect EcSox17 expression.

54

a) Saggital section

b) Vegetal view

55

Figure 11: RT-PCR of dissected early gastrula.
The cDNA made from the RNA of the three dissected pieces of early gastrula was
subjected to PCR. The pieces were dissected as indicated in the previous figure (Fig.10).
EcSox17 is shown to be expressed in the dorsal (D), ventral (V) and, core (C) of the
gastrulating embryo. The –RT control has RNA instead of the corresponding cDNA
along with the Master mix. Water control has the Master mix with EcL8 and EcSox17
primers.
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Figure 12: Dissection and RT-PCR on TS4 and TS5 embryos.
(a, b) These are the histological mid sagittal sections of TS4 and TS5 embryos, prepared
by Hiromasa Ninomiya. The neural tube (N) and the archenteron (A) are clearly visible.
The black dotted line indicates the incision made on the whole embryo to separate the
dorsal and ventral halves. RNA extracted from these pieces was subjected to RT-PCR to
look at the expression of EcSox17. (c) The gel shows the RT-PCR products of dissected
dorsal and ventral pieces of TS4 and TS5. Lane 1 is a 1KB ladder for size reference.
Lane 2 thru 7 are TS4 samples. Lane 8 thru13 are TS5 samples. Lanes are labeled as
follows: EcL8 (+), EcSox17 (s), -RT with EcL8 primers (-), and water control with both
EcL8 and EcSox17 primers (w).
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DISCUSSION:

I. Expression of EcSox17 and EcShh in E. coqui development:
The endodermal transcription factor, EcSox17 is expressed in the developing
embryo from cleavage to hatching in E. coqui (Fig. 2). In X. laevis, Sox17 is necessary
and sufficient for endoderm development (Hudson et al., 1997; Clements and Woodland,
2000). EcSox17, the XSox17 orthologue of E. coqui, expression throughout development
suggests that it is required for formation of endoderm in E. coqui. By the time the freeliving froglet of E. coqui hatches, the liver, pancreas and other endodermal derivatives
are formed anatomically (Langer, 2003). However, there is considerable amount of yolk
that is attached to the mid-gut of the free living froglet that supports its survival until it
starts feeding. Expression of EcSox17 at hatching suggests its continued function in
endoderm development at later stages even past hatching. RT-PCR on the anterior tube,
posterior tube and dorsal pieces might indicate that they do not express EcSox17, as they
are already differentiated. If the ventral yolk-rich tissue is fated to contribute to the
definitive endoderm of the adult, EcSox17 expression is expected to be seen even after
hatching until this tissue is differentiated. As it is already known that EcSox17 is
expressed from stages TS12-TS15 (Fig. 2), in situ and RT-PCR can be done on the
dissected whole gut of the developing embryo.
EcShh, the orthologue of the signaling molecule XShh, is expressed in the E.
coqui embryo in two phases. The early phase from TS4 through TS6 is observed in the
floor plate of neural tube and, in the foregut from late TS3 to TS5 (Hanken et al., 2001).
Expression in the foregut at TS3 to TS5 might be involved in differentiating the early
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endoderm from rest of the yolk-rich vegetal cells. It is expressed in the ZPA of the
developing limb form TS5 to TS6 and disappears by TS9.
In chick, Shh is expressed throughout gut endoderm and regulates concentric
arrangement of mesenchymal cell layers in chick gut (Sukegawa et al., 2000). In mice,
Shh is involved in lung formation, pancreatic differentiation (Hebrok et al., 1998) and its
absence causes developmental defects in the intestine (Ramalho-Santos et al., 2000). In
X. laevis, Shh expression is activated in gut epithelium during metamorphosis (Stolow
and Shi., 1995) and, is important for differentiation of primitive endoderm into intestinal
epithelium (Zhang et al., 2001).
At later stages in E.coqui, EcShh is expressed from TS11 through TS15 (Fig. 2)
and might be involved in endoderm differentiation along with other signaling functions.
In situ and RT-PCR on dissected gut or parts of the whole gut at stages TS12-15 or the
free-living froglet can be done to test EcShh expression. If at these stages of development
the yolky cells differentiate into gut epithelium they will be expected to express EcShh.

II. Ovarian expression of EcSox17:
Presence of EcSox17 RNA as early as 32-256 cell or blastula suggests that
endoderm is specified very early in development of E. coqui. Initiation of zygotic
transcription in X. laevis starts at mid blastula transition (MBT), and the expression of
XSox17 is initiated at late blastula (Hudson et al., 1997; Xanthos et al.,2001, Wylie 1987).
This is much later than what is observed in the case of E. coqui. To check for the earliest
expression of EcSox17, RT-PCR was done on RNA extracted from ovaries dissected
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from a reproductively active female E. coqui. The results indicate that EcSox17 is
expressed in the ovaries and might be maternal.
Maternal expression of Sox17 has not been reported in any other vertebrate. In X.
laevis, the maternally expressed T-box transcription factor, VegT, initiates the expression
of mesoderm and endoderm inducing genes in that include XSox17 (Zhang and King,
1996; Horb and Thomsen, 1997; Clements et al., 1999; Xanthos et al., 2001). Ovarian
expression of EcSox17 might suggest that its expression is not dependent on EcVegT, at
least in the initial development. Expression of EcSox17 at later stages of development
might depend on VegT and Xnr’s for its continued transcription. Expression of EcSox17
in the developing oocyte might be a novel design in this derived species to make sure that
the large amount yolk is completely internalized at gastrulation. Internalization of yolk is
of utmost importance to the nutrition and development of the E. coqui embryo.
Maternal EcSox17 RNA, if found to localize closer to animal region, might
function in limiting the spread of VegT activity vegetally early on in development
limiting the formation of germ layers more animally. Presence of EcSox17 RNA,
throughout the vegetal hemisphere might hint at the contribution of the whole region to
the endoderm. In situ hybridization with EcSox17 probe on mature oocytes would
provide an understanding of the germ layer patterning in E. coqui.
Fate mapping was done at 16-cell stage of E. coqui; the 8-animal cells that
represent about 1% of the embryos volume and were labeled with RDA (Ninomiya et al.,
2001). The contribution of these 8-animal cells to the fore, mid and hindgut, the yolky
endoderm and, other endodermal derivatives was less than 10%. Targeting of the most
vegetal cells at 32-cell or at later stages would provide the information as to the fate of

62

these large yolky vegetal cells. The embryos of E. coqui are relatively large at about 3.5
mm on an average, and injecting FDA, RDA or another dye should be possible.

III. Zygotic expression of EcSox17:
Sox17 is expressed superficially as a ring around the blastopore and internally
throughout the vegetal region fated to form the endoderm at the late gastrula of X. laevis
(Hudson et al., 1997; Yasuo and Lemaire, 1999; Clements et al., 1999; Clements and
Woodland, 2003). In X. tropicalis, the endodermal marker, tSox17 is present throughout
the presumptive endoderm (D’Souza et al., 2003). To compare the location of Sox17
RNA in E. coqui to the data available in X. laevis in situ hybridization was done, on
early, mid, and late gastrula, and neurula of E. coqui.
Whole mount in situs of EcSox17 showed staining at the lip of the blastopore
throughout gastrulation (Fig 6, 7, 8 and 9). At late gastrula, the internal surface of the
invaginated dorsal lip was stained, while only the external surface of the ventral lip was
stained (Fig 8e). The yolk-rich vegetal region at the yolk-plug did not show any EcSox17
expression in the gastrula. Lack of vegetal EcSox17 expression in the yolk-rich vegetal
region is consistent with EcVegT RNA localization and inducing activity towards the
animal blastomeres (Beckham et al., 2003; Ninomiya et al., 2001).
These observations suggest that the endoderm arises more animally in the E.
coqui. Expression of EcSox17 at the dorsal lip and its extension towards the anterior in
the bisected embryo indicates that this dorsal region contributes the most to the definitive
endoderm (Fig 8e). The ventral lip was only superficially stained and might not
contribute to the endoderm.
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In X. laevis, the expression of Sox17 is initiated at gastrula, and is expressed
throughout vegetal region. My results on whole mount and bisected embryos in E. coqui
showed that EcSox17 was expressed superficially. No EcSox17 expression was seen in
the core of the E.coqui gastrula even at a later stage (Fig. 8e). These internal cells might
not contribute to the definitive gut. They might only be nutritional that might undergo
apoptosis after the yolk reserves in these cells are exhausted. Terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) is a sensitive method of labeling
apoptotic nuclei in tissues to observe the cell death. This technique can be employed to
test for any apoptosis of the yolky vegetal cells during the development of endoderm
Staining on the external surface of the bisected embryo was consistent with the
embryos taken through whole mount in situ confirming the staining pattern observed in
whole embryo in situ. The failure of the internal yolk-rich cells to stain might be due to
lack of EcSox17 expression, the probe failing to access the transcripts in these yolk-rich
cells or, the relatively low number of transcripts compared to the cell size for
visualization by in situ.
To investigate EcSox17 expression in these yolk-rich cells, RT-PCR was done on
the dissected pieces of early gastrula. This technique should be more sensitive than in situ
hybridization. The early gastrula was dissected into the dorsal, ventral, and the yolk-rich
vegetal core. Results of RT-PCR on these three pieces indicated that EcSox17 is
expressed throughout the vegetal region including the core. This is in contrast to the in
situ results which failed to show EcSox17 RNA in the core. The results of this
experiment, however, depend on the outcome of an additional experiment to be done,
namely to look at the expression of EcBra. EcBra, an early mesodermal marker, is
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expressed in the dorsal and ventral mesoderm at an early gastrula stage (Ninomiya et al.,
2001). Expression of EcBra will serve as a dissection control, as EcBra expression in the
core is not expected. Detection of EcSox17 transcripts in the core indicates its
contribution to the endoderm and the failure of in situ to show the location of transcripts.
An interesting observation made while dissecting the early gastrula was that the
core consists of two types of cells. There were cells that were relatively round and small
that formed the floor of the blastocoel, and there were some large irregular cells that were
laden with yolk and were more vegetally situated. The smaller cells were close to the
dorsal lip that showed EcSox17 expression. An interesting future experiment would be to
do RT-PCR on these different populations of cells to test for the expression of EcSox17.
The expectation would be that the smaller cells express EcSox17 and the larger cells do
not.
In situs were also done on neurula stage (TS3) embryos (Fig. 9). EcSox17 was
expressed to a greater extent dorsally and is diffuse laterally and ventrally. This pattern of
staining suggests that the definitive gut is formed from the more dorsally located regions
of the embryo. This is in agreement with the anatomical observations of the TS15 gut,
where the regions anterior, posterior, and dorsal to the yolky tissue look like definitive
gut (Langer, 2003). These regions show heavy cell proliferation when compared to the
yolky tissue.
To check if this pattern of EcSox17 expression persists at later stages of
development, RT-PCR was done on dissected TS4 and TS5 embryos. The embryos were
dissected into dorsal and ventral halves, such that the dorsal half included the lumen of
the archenteron (Fig. 12a, b). The results of the experiment indicated that EcSox17
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expression occurs in both the dorsal and ventral halves of these stages (Fig. 12c). The
ventral part free of archenteron also expresses EcSox17 suggesting it is also fated to
contribute to the endoderm.
Based on the bisected in situ on early gastrula, the endoderm arises more dorsally
with contribution from the ventral region. The core does not appear to contribute to the
endoderm formation. The dissected RT-PCR on early gastrula however suggests the
contribution from the core. This contradiction can be solved by finer dissection of the
core and conducting RT-PCR.
The large amount of yolk in these vegetal cells might have hampered the
visualization of EcSox17 transcripts. It is likely the yolk might also hamper the
transcriptional apparatus. The transport of this transcription factor into the nucleus may
be delayed and thus delaying its differentiation to definitive gut tissue. As the yolk is
exhausted, the activity of EcSox17 would be restored, and the once undifferentiated yolky
tissue may differentiate into definitive gut.
Presence of EcSox17 at later stages, TS12-TS15 suggests that some of the cells in
this yolky tissue might not have committed yet to a defined function in the gut. Inhibition
of EcSox17 at these stages by injecting morpholino oligos into these yolky cells can be
done. The embryos are allowed to develop to later stages and the endodermal
development can be compared to the controls. The results indicating defective or a
missing gut would indicate the contribution of the yolk-rich tissue to the endoderm. The
development of experimental embryos normally in spite of EcSox17 inhibition would
indicate that the yolky tissue does not contribute to the endoderm.
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IV. CONCLUSIONS:
I did RT-PCR and in situ hybridization to look at the expression of endodermal
marker, EcSox17. I have identified cells expressing EcSox17 at gastrula located close to
animal pole by RT-PCR and in situ hybridization. The yolk vegetal cells were not stained
by in situ, but showed expression of EcSox17 as indicated by RT-PCR on dissected
gastrula. The most important observation is that EcSox17 is expressed in the ovaries
suggesting early specification of definitive endoderm and a novel function in this derived
amphibian species. Ovarian expression of Sox17 in vertebrate development has not been
reported in any other vertebrate species. Expression of EcSox17, until hatching, indicates
its involvement in endoderm development at later stages. The EcShh expression might be
involved in differentiation of the endoderm of embryos at an early, as well as the later
stages of development.
Further experimentation involving RT-PCR on dissected embryos to look
EcSox17 expression is required to understand endoderm specification. In situ
hybridization on the developing embryos at later stages, to observe EcSox17 and EcShh
will provide information on the patterning and differentiation of definitive endoderm
from the yolky tissue. It can however be safely stated that, the endoderm patterning in
this direct developing frog is different from that of X. laevis.
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